Based on the method of in-situ polymerization synthesis, combining with two-step sintering process and two-step carbon coating, LiFePO 4 /C composite cathode material had been prepared. The structure, microstructure and morphology were studied by X-ray diffraction (XRD), transmission electron microscopy (TEM) micrograph and scanning electron microscope (SEM) respectively. The electrochemical performances were researched by cyclic voltammetry (CV) and charge/discharge capacity. The results indicated that two-step carbon coating for LiFePO 4 was of more remarkable advantages compared with one-step carbon coating sample, such as more complete carbon coating and better electrochemical performance.
Introduction
The olivine structure lithium iron phosphate (LiFePO 4 ) has been considered as one of the best cathode electrode material for the advantages of low price, environmental benignity, good cycle stability, appreciable capacity and high thermal stability. 1 Since olivine-type LiFePO 4 was reported in 1997, 2 much attention and widespread concern have been paid on this material. A lot of researches [3] [4] [5] about the synthesis process, structure, electrochemical performance and applications had been accomplished, then great progress in physical, chemical properties and synthesis technology had been achieved. [6] [7] [8] However, the low electronic conductivity of LiFePO 4 restricts its large-scale application.
So far, the improvement of conductivity is mainly adopted by carbon-coated technology, [9] [10] [11] [12] [13] [14] [15] the key is how to achieve uniform carbon coating on the surface of LiFePO 4 . This paper concentrated on how to achieve better tap density and energy density of LiFePO 4 by adopting the in-situ polymerization technology 16, 17 and two-step carbon coating method. It overcame the existing carbon-coated incompleteness by one-step technique. The samples mixed with two kinds of carbon source in different stage are different from the carbon source addition at one time, [18] [19] [20] which can help us to achieve the purpose that more uniform particle size, more homogeneous carbon film thickness and more integrated carbon film coating, then more desirable electrochemical properties.
Experimental

Synthesis of LiFePO 4 /C composites
FePO 4 /PANI (polyaniline) precursor was prepared by in situ polymerization technology. 100 ml of solution containing 0.025 mol Fe(NO 3 ) 3 ·9H 2 O was slowly added into 200 ml of solution containing 0.025 mol (NH 4 ) 2 HPO 4 and 1 ml of aniline, then the pH of the solution was adjusted to 2.1 by adding ammonia and stirred for 12 h at room temperature, and the precipitate was filtered and washed for several times with deionized water. Finally, the precursor FePO 4 / PANI was achieved by drying under 60°C vacuum environment for 24 h.
The prepared FePO 4 /PANI was mixed with CH 3 COOLi·2H 2 O and 10 wt% ascorbic acid. After annealing at 350°C for 5 h under argon atmosphere, 10 wt% glucose was added and milled again, and then the mixture was annealed at 650°C for 10 h under argon atmosphere. In contrast, the two-step carbon coating LiFePO 4 was marked as LFP1, and the sample mixed dual carbon sources with precursor FePO 4 /PANI at one step was labeled LFP2.
Material characterization
The phase structure was analyzed by X-ray diffraction (XRD, Panalytical X'Pert PRO MRD, Holland) with a CuK A radiation operated at 40 kV and 300 mA. The morphology was observed via field-emission scanning electron microscopy (FE-SEM S-4800, Hitachi High-Technologies). Metallic lithium foil was used as the counter and reference electrodes. Celgard2300 polyethylene film was used as separator. 1 M LiPF 6 solution in ethylene carbonate (EC) and dimethyl carbonate (DMC) (volume ratio of 1:1) was used as electrolyte. Electrochemical measurements were carried out between 2.5 and 4.2 V vs. Li + /Li with CR2025 coin cells.
Results and Discussion
Physical characterization
The XRD patterns of LiFePO 4 /C (LFP1 and LFP2) composites were shown in Fig. 1 , it indicated that both samples are consistent with that of LiFePO 4 (JCPDS NO. 40-1499), No evidence of crystalline carbon was discovered and the ascorbic acid and glucose were in the state of amorphous carbon during in the high temperature annealing process.
SEM images of FePO 4 /PANI, LFP1 and LFP2 samples were presented in Fig. 2 . Figure 2 (a) indicated that the FePO 4 /PANI particles were sphere-like, and the average particle size was less than 100 nm, which demonstrated that the PANI resulted from in-situ polymerization played an important role in the prevention of particles growth. As seen from Fig. 2(b) , the particles of LFP1 were spherical and uniform, which manifested that twostep carbon coating resulted from the decomposition of PANI, ascorbic acid and glucose can effectively prevent the growth of particles in high temperature annealing process. In addition, the EDS image of LFP1 in Fig. 2(d) are very similar to that of LFP2 in Fig. 2(e) , and the corresponding elements can also be found in two samples. Figure 2 (c) was the morphology of LFP2 particles, the size of particals and spherical morphology of LFP1 are more spherical and uniform than that of LFP2 sample by comparison. As is known to us, the increase on tap density may be realized by means of spherical and nano technology. The in-situ polymerization technology, double carbon coating technology can help us to achieve this aim. The in-situ polymerization technology can form a first spherical carboncoating, but by means of secondary carbon addition combining with ball milling technology, the imperfection for the first carbon coating may be effectively made up, and the particles will be more accordant in size and more spherical in morphology.
The TEM of the LFP1 and LFP2 composites was shown in Fig. 3, Fig. 3(a) revealed that the LFP1 particles were of good dispersion and the particle size was in the range 20-40 nm. Figures 3(b) and 3(c) were the corresponding photograph of high resolution transmission electron microscope (HRTEM) of LFP1 and LFP2, respectively. It can be found that the sample of LFP1 was more spherical and carbon coating layer was more homogeneous. However, the spherical morphology of LFP2 was relatively bad and the carbon layer on the surface was relatively uneven in Fig. 3(c) . On the surface of LFP1 particles, the amorphous carbon layer with a thickness about 5 nm, which will help to form a conducting network, then accelerate the speed for electron transfer and restrain the growth of particles. According to references, 21,22 small particle size can shorten the diffusion path of lithium ion, and facilitate the lithium ion diffusion during intercalation/decalation processes.
Electrochemical performances
The first charge-discharge curves for the LFP1 and LFP2 composites measured in the voltage range of 2.5-4.2 V at 0.2 C 2θ/degree Electrochemistry, 83 (3), 165-168 (2015) rates were given in Fig. 4 . The first discharge capacity for LFP1 and LFP2 was 156.8 mAh/g and 138.8 mAh/g respectively, corresponding to the 98% and 92% discharge efficiency, which indicated that the adoption of two-step carbon coating played an important role on the improvement of electrochemical properties. In order to investigate the high-rate performance, the chargedischarge curves for LFP1 at different rates from 0.2 C to 5 C in the potential range of 2.5-4.2 V were shown in Fig. 5 . It can be seen that the discharge capacity was 156.8, 140.2, 132.8, 118.5, 96.8 mAh/g respectively, corresponding to the 0.2, 0.5, 1, 2, 5 C rate. The charge-discharge platform gradually reduced with increasing of rate, which can be attributed to the fact that the polarization will increase with increasing of rates, and then led to capacity fade gradually in the charge-discharge cycle process. Figure 6 showed the cycling performance of the LFP1 and LFP2 samples at 1 C rates. The LFP1 and LFP2 samples delivered the specific discharge capacity of 130 and 114.5 mAh/g at 1 C after 50 cycles, respectively, and the corresponding capacity decay was 2.8% and 8.5%. LFP1 presented not only higher initial capacity (133.8 mAh/g), but also better capacity retention. It could be attributed to the two-step carbon coating on the growth of particles in high temperature annealing process, which was helpful to form more spherical particle, more homogeneous carbon coating layer and more stable structure of LFP1. Therefore, LFP1 demonstrated relatively better cycling performance compared with LFP2.
The rate property curves of LFP1 and LFP2 from low rate 0.2 C to high rate 5 C were given in Fig. 7 . It can be found that LFP1 exhibited higher discharge capacity than that of LFP2 at the same rate. In addition, the decrease of the discharge capacities for LFP2 was larger than that of LFP1 at gradually increasing rate. For example, at 5 C rate, the specific capacity of 96.8 mAh/g was recorded for LFP1, 36.6 mAh/g higher than that of LFP2. The discharge capacity for both LFP1 and LFP2 can maintain the original value of discharge capacity when the current density reversed back to the initial rate of 0.2 C, which indicated that the both samples had good electrochemical reversibility. By comparison, the LFP1 had better rate performance than that of LFP2.
In order to clarify the electrochemical mechanism, cyclic voltammetry curves (CV) of LFP1 and LFP2 were given in Fig. 8 . According to the theory of CV curves, that higher peak current and better symmetry means better electrode reaction kinetics, i.e., the higher the peak current, the higher the lithium ion diffusion rate, and the better the symmetry, the better the reversibility. From Fig. 8 , we can found that both samples had an oxidation peak and a reduction peak, corresponding to the charge-discharge reaction of the Fe 3+ /Fe 2+ redox couple. The redox peaks were located at around 3.25 and 3.6 V respectively, with a deviation of 0.35 V, which indicated LFP1 and LFP2 had small polarization. Moreover, the redox peaks for both samples had good symmetry, which indicated LFP1 and LFP2 had good reversibility. By comparison, the redox peak value of LFP1 is higher than that of LFP2. In a word, the two-step carbon coating technology had more advantages than that of one-step carbon coating technology. 
Conclusions
In summary, The LiFePO 4 /C was synthesized by two-step carbon coating technology based on the in-situ polymerization method. The conclusions were given as following: (1) The asprepared materials was homogeneous spherical particles, the better carbon coating resulted from two-step carbon coating technology constructed a good conducting network and accelerate the speed for electron transfer and lithium ion diffusion in the composite; (2) The LFP1 had better rate performances than that of LFP2, it can be attributed to the fact that LFP1 had higher lithium ion diffusion rate, better electron conduction and oxidation-reduction reversibility than that of LFP2.
